11 C]PIB is the most widely used PET imaging marker for amyloid in dementia studies. In the majority of studies the cerebellum has been used as a reference region. However, cerebellar amyloid may be present in genetic Alzheimer's (AD), cerebral amyloid angiopathy and prion diseases. Therefore, we investigated whether the pons could be used as an alternative reference region for the analysis of [ 11 C]PIB binding in AD. The aims of the study were to: 1) Evaluate the pons as a reference region using arterial plasma input function and Logan graphical analysis of binding. 2) Assess the power of target-to-pons ratios to discriminate controls from AD subjects. 3) Determine the test-retest reliability in AD subjects. 4) Demonstrate the application of target-to-pons ratio in subjects with elevated cerebellar [ 11 C]PIB binding.
Introduction
Alzheimer's disease (AD) is characterized by amyloid plaques and neurofibrillary tangles in the brain. The clinical diagnosis is based on the NINCDS-ADRDA (McKhann et al., 1984) and DSM 1 V criteria (American Psychiatric Association, 1994) . [ 11 C]PIB or Pittsburgh compound B, binds to fibrillar amyloid with high affinity and has been widely used for in vivo PET imaging of amyloid load (Klunk et al., 2001) . Several studies have shown a significant increase in cortical binding in AD subjects compared to controls (Edison et al., 2007; Forsberg et al., 2007; Kemppainen et al., 2007; Klunk et al., 2004) . [ 11 C]PIB binding is also significantly increased in 50-70% of subjects with mild cognitive impairment, 70-80% of subjects with dementia with Lewy body disease, and a minority of subjects with Parkinson's disease with later dementia (Edison et al., 2008; Forsberg et al., 2007; Gomperts et al., 2008; Kemppainen et al., 2007) . Although a tauopathy, frontotemporal dementia cases can also on occasion show a significant amyloid load (Rabinovici et al., 2007) .
In vitro studies suggest that thioflavins bind to fibrillar amyloid plaques and not to diffuse plaques (Klunk et al., 2001; Klunk et al., 2003; Mathis et al., 2002; Mathis et al., 2003) , however, the specificity NeuroImage 60 (2012) [1716] [1717] [1718] [1719] [1720] [1721] [1722] [1723] of PIB binding has been disputed in another study (Lockhart et al., 2007) . [ 11 C]PIB studies using arterial in put analysis have demonstrated that there is no significant difference between sporadic AD and control subjects in cerebellar uptake (Edison et al., 2009; Price et al., 2005) . Price et al. (2005) suggested that the preferred method of quantification is to use ratio of the volume of distribution in the target region over the volume of distribution in the cerebellar gray matter where volumes of distributions are estimated through the Logan graphical analysis with arterial input. Since then simplified methods of analysis such as the Logan distribution volume ratio and the 60-90 minute target tissue-to-cerebellum ratio RATIO CER methods have been applied to clinical [ 11 C]PIB studies and shown to be valid (Drzezga et al., 2007; Edison et al., 2007; Engler et al., 2006; Forsberg et al., 2007; Kemppainen et al., 2007; Lopresti et al., 2005) . In large clinical studies it is now usual to use 60-90 minute or 40-70 minute target-to-cerebellum ratios for quantitation.
Pathological studies in Prion disease have shown significant amyloid deposits in the cerebellum (Mead et al., 2006; Watanabe and Duchen, 1993) . Additionally, a recent [
11 C]PIB PET study reported significant amyloid deposition in the cerebellum of familial AD subjects (Kaufer et al., 2008; Klunk et al., 2007) . Hereditary cerebral hemorrhage with amyloidosis, Icelandic type (HCHWA-I) is an autosomal dominant disorder characterized by massive amyloid deposition within small arteries and arterioles of leptomeninges, cerebral cortex, basal ganglia, brainstem and cerebellum (Ghiso and Frangione, 2001 ). Cerebellum may not be a suitable reference tissue in advanced or severe AD cases where there might be not only diffuse but also dense amyloid plaques in the cerebellar cortex. Given this, the cerebellum is not always a suitable reference for the quantification of [ 11 C]PIB PET. Therefore, an alternative reference region, the pons, is to be proposed. Here, we set out to 1) Evaluate the pons as a reference region using arterial plasma input function and Logan graphical analysis of binding, 2) assess the power of target-to-pons ratios to discriminate controls from AD subjects, 3) determine the test-retest reliability in a cohort of sporadic AD subjects, 4) demonstrate the application of target-to-pons ratio in subjects with elevated cerebellar [ 11 C]PIB binding.
Subjects and methods

Study population
Subjects were recruited from the Imperial College Healthcare NHS trust, and the National Hospital for Neurology and Neurosurgery, London, UK. 12 sporadic AD subjects, two additional presymptomatic presenilin-1 mutation carriers (PS1 M146I and PS1 Y115C), one probable familial AD (no genetic confirmation), and 10 control subjects were scanned. Majority of these scans were acquired as a part of previously published studies (Edison et al., 2007 (Edison et al., , 2009 ). All AD patients met the DSM-IV and NINDS-ADRDA (McKhann et al., 1984) criteria for a diagnosis of clinically probable AD. All subjects were assessed neurologically which included taking a history from a carer and /or relative and routine blood analysis and electroencephalography. All subjects had detailed neuropsychometry including the Mini Mental State Examination (MMSE) and tests of recognition, verbal and visual memory, attention, executive / working memory, visuoconstruction, language, letter fluency and category fluency. The inclusion and exclusion criteria for AD subjects were as previously described (Edison et al., 2007) . Age matched healthy controls were recruited from friends of the patients. The age of the AD subjects were 64.8 ± 4.9 years (mean ± standard deviation), the MMSE scores of the subject were 20.7 ± 3.9, and the duration of diagnosis was 14.5 ± 6.5 months. Eight subjects out of the thirteen AD subjects were males. The age of the control subjects was 65.3 ± 5.7 years, their MMSE scores were 29.9 ± 0.27. Six of the control subjects were males. Another AD subject was a 55 year old lady who presented to the memory clinic with difficulties in spelling, and failure to remember daily activities. Her husband noticed she was taking a long time to do the daily chores and occasional spatial disorientation. She had an MMSE score of 17/30, was able to recognize 3/4 famous faces, needed prompting for picture description and was non-fluent. Her cognitive estimates were poor, she scored 2/3 in 3 stage commands and her reading showed some paraphasic errors. She had ideomotor apraxia of the right hand. Her nervous system examination was unremarkable. An EEG showed low voltage EEG dominated by theta activity with runs of theta and slow waves bilaterally, with anterior predominance. There was very scanty alpha rhythm at 8 Hz. Unfortunately the patient declined genetic studies. As the patient was not in touch with the family for several years, the family history was unreliable. (Edison et al., 2009 ). All subjects except the two subjects with presenilin-1 mutation had radial artery cannulation. Continuous online blood sampling was performed for the first 15 min, and discrete samples were taken according to the sampling protocol summarized below.
MRI
MRIs were obtained with a 1.5 Tesla GE scanner. A T1-weighted volumetric MRI (3D T1 volume, pulse sequence RF-Fast, acquisition times TR 30 ms, TE 3 ms, flip angle 30°, FOV 25 cm, matrix 156 × 256, voxel dimensions 0.98 × 0.98 × 1.6 mm) was acquired for co-registration with the PET images while T2-weighted images were acquired to rule out any structural abnormality in AD and control subjects.
Generation of the plasma input function and parametric maps
For the generation of the plasma input functions, the time course of the plasma-to-blood ratio, obtained from the first six discrete arterial samples at 5, 10, 15, 20, 30 and 40 min scan times was fitted to a sigmoidal function with four free parameters. Then arterial whole blood activities recorded by the continuous detector system (Ranicar et al., 1991) were corrected to obtain a plasma activity curve for the first 15 min of the scan. This curve was then combined with the discrete plasma activity measurements at 20, 30, 40, 50, 60, 75 and 90 min to generate an input function describing the plasma activity throughout the entire scan. An input function of the activity concentration due to unmetabolised [ 11 C]PIB in plasma was then created by multiplying the total plasma activity input function with the function obtained from the fit of a sigmoidal model for the parent fraction in plasma to the eight measurements of the parent compound during the scan. Finally, the time delay of the arrival of the radioactivity bolus at the peripheral sampling site relative to the brain was determined (Hinz and Turkheimer, 2006) . All calculations were performed using Matlab® (The MathWorks, Inc., Natick, MA, USA) on Sun UltraTM 10 workstations (Sun Microsystems, Inc., Santa Clara, CA, USA).
The linear model developed by Logan et al. (Logan, 2000) has been suggested as the preferred method of analysis for [ 11 C]PIB. Parametric images were generated with Receptor Parametric Mapping software (Gunn et al., 1997) . The parameter settings used were: 0.0005663 s 
60-90 minute target-to-cerebellar ratio (RATIO CER )
The [ 11 C]PIB target region-to-cerebellar ratio image was created by dividing the integrated 60-90 minute image by the integrated 60-90 minute value of cerebellar gray matter. Initially a 60-90 minute [
11 C]PIB sum image was created by integrating the activity collected from 60 to 90 min in Matlab 6. This image was co-registered to the individual's MRI using SPM 99. This coregistered image was then spatially transformed into MNI space. Cerebellar activity concentration was then calculated by sampling the 60-90 minute sum image using the cerebellar gray matter object map (see below) in Analyze.
The 60-90 minute [ 11 C]PIB add image was then divided by the cerebellar activity concentration value to create a 60-90 minute ratio (RATIO CER ) image using image calculator in Analyze. RATIO CER is also referred as SUVR CER . (Standard uptake value ratio using cerebellum).
60-90 minute target-to-pons ratio (RATIO PONS )
Anatomically pons is ventral to the cerebellum, rostral to the midbrain, and inferiorly the pons is continuous with the medulla oblongata. The pons contains both gray and white matter. In creating RATIO PONS , initially a 60-90 minute [
11 C]PIB image was generated by integrating the activity collected from 60 to 90 min in Matlab 7.5. This image was coregistered to the individual's MRI using SPM99. This coregistered image was then spatially transformed into MNI space.
The pons was traced manually as a polygonal three-dimensional contour on individual MRI images in MNI space, where the tracing reached the edges of the pons. The regional activity concentration in the pons was then calculated by sampling the 60-90 minute sum image using the 'pons object map' in Analyze. The 60-90 minute add image was then divided by the activity concentration value in pons to create a 60-90 minute ratio (RATIO PONS ) image using image calculator in Analyze. RATIO PONS is also referred as SUVR PONS (Standard uptake value ratio using pons).
Region of interest (ROI) analysis and definition of ROIs
Creation of object map We used statistical parametric mapping software (SPM99, Wellcome Department of Imaging Neuroscience, UCL, London, UK; http: www. fil.ion.ucl.ac.uk/spm) to perform the following image pre-processing steps. MRIs were segmented into gray matter, white matter and CSF, and the gray matter images were thresholded at 50% probability. These gray matter images were then spatially transformed into MNI space. We convolved this binarised gray matter map with the latest version of a probabilistic brain atlas (Hammers et al., 2003) to create individualized object maps including that of cerebellum for each subject.
Pons was manually traced as described above. We then sampled [ 11 C]PIB Logan V T , RATIO PONS , and RATIO CER images in the following regions: frontal, temporal and parietal association cortices, anterior and posterior cingulate, striatum, thalamus, pons and cerebellar gray matter.
Statistical analysis
Statistical interrogations of ROI data were performed using SPSS for Windows version 14 (SPSS, Chicago, Illinois, USA). We used the nonparametric Wilcoxon rank sum test to interrogate a statistically significant difference between AD and controls' outcome measures Logan V T , RATIO CER, and RATIO PONS (α = 0.05, two sided).
Percentage difference between the AD and control subjects were then calculated as
where, δ denotes percentage difference, AD denotes the cohort mean parameter in the Alzheimer's disease subjects, and HC denotes the cohort mean parameter in the control subjects. The percentage variability
where λ denotes percentage variability, AD 2 denotes the parameter estimate in the second scan, AD1 denotes the parameter estimate in the first scan and ABS() refers to the absolute value. SPSS for Windows version 14 was used to calculate the intraclass correlation coefficient (ICC) using one way random single measures (Shrout and Fleiss convention) in 5 AD subjects. ICC was calculated as
where, BSMSS is the mean sum of squares between subjects, WSMSS is the mean sum of squares within subjects, and n is the number of repeated observations (n = 2 in this test-retest paradigm). This coefficient estimates the reliability of the measurement and ranges between -1 (no reliability, that is, BSMSS = 0) and 1 (maximum reliability, achieved in the case of identity between test and retest, that is, WSMSS = 0).
Results
Fig. 1 shows the [ 11 C]PIB scan outcome parameters in a patient
group of 12 AD subjects and a cohort of 10 control subjects in six different target regions (anterior and posterior cingulate, striatum, frontal, temporal and parietal cortices) and the two reference regions considered (cerebellar gray matter and pons) using the arterial input Logan V T (Fig. 1A) , the target tissue-to-cerebellum ratio RATIO CER (Fig. 1B) and the target tissue-to-pons ratio RATIO PONS (Fig. 1C) as the outcome parameters. For the two reference regions, Fig. 1A confirms that there is no significant difference in the cohort mean V T for pons or cerebellum. In both study groups, the pons V T exceeds that of cerebellum. As a general observation, the cortical RATIO PONS values in Fig. 1C are lower than the RATIO CER values in Fig. 1B . However, further visual inspection then also reveals that all these methods can provide a clear group differentiation between AD and control subjects in the target regions.
A quantitative assessment of the discriminatory power between these two study groups is provided in Table 1 . The minimum percentage group difference in the six target regions for the three outcome measures considered was an increase of 57% in patients relative to controls (in temporal cortex using the Logan V T target-to-cerebellum ratio). The statistical significance of the group difference in all six target regions was confirmed by the Wilcoxon rank sum test (pb 0.0001). On the other hand, for the two reference regions considered cerebellum and pons, there were no statistically significant differences between the two groups for any of the three outcome measures. Taken together these results confirm the suitability of either cerebellum or pons as a reference region for the group discrimination between controls and AD subjects. Table 2 shows the results on the reproducibility of the three outcome measures as assessed by the group mean variability and the intraclass correlation coefficient (ICC) in a test-retest study of five AD patients. The mean variability for any of the five cortical target regions was at most 8.9% (Logan V T in the anterior cingulate and RATIO PONS in the frontal cortex, respectively). On the whole, the mean variability was lowest for RATIO CER followed by RATIO PONS in anterior cingulate, posterior cingulate, frontal and parietal cortex. Only in striatum, temporal cortex and cerebellum the mean variability of Logan V T was smaller than that of RATIO PONS . In terms of the ICC, RATIO CER also scored highest of the three outcome measures with a minimum ICC of 0.96 in the anterior cingulate and even higher ICCs in the other five target regions. The ICC was higher for RATIO PONS than for Logan V T in those regions where the mean variability for RATIO PONS was lower than for Logan V T and vice versa. As to be expected due to the absence of specific binding, the RATIO methods performed poorly in terms of ICC for the assessment of the other reference region (ICC Pons = 0.55 for RATIO CER and ICC Cerebellum = 0.61 for RATIO PONS ). Altogether, the mean variability and the ICC in Table 2 confirm for all three [
11 C]PIB outcome measures a reproducibility typical for brain PET studies. A comparison of the three outcome measures in one AD subject with noticeable elevated cerebellar [ 11 C]PIB binding is shown in Table 3 . As shown in Table 3 , the total volume of distribution V T from Logan analysis with an arterial input was higher by more than 100% in the five cortical regions listed compared to the mean in the control subjects. Of the two simplified methods considered, for RATIO CER the values were only about 30% higher in the cortical regions whereas for RATIO PONS the values were at least 100% higher in the five cortical regions investigated. Furthermore RATIO PONS was increased by 52% in the cerebellar gray matter, which is very similar to the increase of the V T by Logan analysis. Table 4 shows a comparison of the two simplified outcome parameters RATIO CER and RATIO PONS in two presymptomatic presenilin 1 mutation carriers who have a family history of familial Alzheimer's disease. Both these subjects had an MMSE of 30. By comparing these two subjects with the group of ten controls, RATIO CER demonstrated a much smaller effect size than RATIO PONS in the cortical regions. Moreover, the second case FAD 2 would not have been classified as PIB positive based on the RATIO CER . Both cases FAD 1 and FAD 2 have a more than 50% higher RATIO PONS in cerebellar gray matter suggesting higher [
11 C]PIB binding in the cerebellum of presenilin 1mutation carriers relative to the control cohort. Note that these two subjects were not scanned with an arterial input function, therefore no Logan V T are available. A visual impression of parametric images generated with the target-to-pons ratio approach is provided by Fig. 2 . Fig. 2A shows a control subject, Fig. 2B shows a sporadic AD subject, while Fig. 2C shows the presenilin-1 mutation carrier FAD2 from Table 4 . There appears a qualitative difference between the three cases shown. For the control subject, only a few focal areas of increased binding in white matter are visible whereas the [ 11 C]PIB binding in this AD patient is characterized by higher RATIO PONS values mostly in cortical gray matter with no apparent differences in the gray matter of the cerebellum. An impression dominated by rather scattered spots of high [ 11 C]PIB signal not clearly associated with either gray or white matter is given by the RATIO PONS parametric map of FAD2.
Discussion
In this study we evaluated the use of the target-to-pons ratio RATIO PONS for the analysis of [ 11 C]PIB brain PET scans. As comparator Â 100 where, δ denotes percentage difference, AD denotes the cohort mean parameter in the Alzheimer's disease subjects, and HC denotes the cohort mean parameter in the control subjects. SD stands for standard deviation.
⁎ Denotes a statistically significant group difference between patients and controls (p b 0.0001, two-sided Wilcoxon rank sum test with α = 0.05). Table 2 shows the percentage variability and the intraclass correlation coefficient obtained in a cohort of five AD patients each scanned on two occasions with [ 11 C]PIB using three different outcome parameters (arterial input analysis Logan V T , target tissue-to-cerebellum ratio RATIO CER and target tissue-to-pons ratio RATIO PONS ) in six different target regions and the two reference regions considered. The percentage variability was calculated as ABS(AD 2 − AD 1 ) / ( (AD 2 +AD 1 ) / 2 ) × 100% where AD 2 denotes the parameter estimate in the second scan, AD 1 denotes the parameter estimate in the first scan and ABS() refers to the absolute value. The intraclass correlation coefficient was calculated as ICC ¼ BSMSS−WSMSS BSMSSþ n−1 ð Þ WSMSS where BSMSS is the mean sum of squares between subjects, WSMSS is the mean sum of squares within subjects, and n = 2 is the number of repeated observations in this test-retest paradigm. SD stands for standard deviation. NaN represents Not a Number. study outcome parameters, the total volume of distribution V T obtained with Logan graphical analysis of reversible binding using the metabolite corrected arterial plasma input function and the target-to-cerebellum ratio RATIO CER were used. First, RATIO PONS was able to discriminate a group of 12 sporadic AD patients from a cohort of 10 control subjects in five cortical target regions and the striatum with high statistical significance (p b 0.0001, nonparametric Wilcoxon rank sum test). Second, a test-retest reproducibility study performed in five AD patients demonstrated the high reliability of the RATIO PONS as an outcome measure with intraclass correlation coefficients (ICC) of 0.87 or higher in the same set of six target regions. Overall, RATIO PONS gave higher ICCs than the arterial input function Logan V T for the target regions though the ICCs were still lower than those of RATIO CER . Third, from the study of a single AD subject with elevated cerebellar (Table 3 ). This subject declined genetic analysis but may have a mutation accounting for the early onset and rapid deterioration of the disease. Our two subjects with presenilin-1 mutations, in the absence of memory loss, both had higher RATIO PONS in the cortex and the cerebellum than the mean control values whereas RATIO CER underestimated the [ 11 C]PIB binding differences (Table 4) . Studies have examined the reproducibility of [ 11 C]PIB using different methods of analysis (Aalto et al., 2009; Edison et al., 2009; Engler et al., 2006; Lopresti et al., 2005; Price et al., 2005) and have shown that reference tissue methods perform better than the arterial input method of analysis for discrimination of AD from healthy normals, while the target-to-cerebellum ratio performed better than the other simplified methods of analysis in terms of sensitivity and reproducibility (Yaqub et al., 2008) . Here, the target-to-pons ratio demonstrated high sensitivity for detecting AD and gave comparable test-retest reproducibility to RATIO CER . For a qualitative discussion of the [ 11 C]PIB binding in gray matter and white matter, respectively, tissue-time activity curves (TACs) obtained in an AD patient (left) and in a control participant (right) are presented in Fig. 3 . In the healthy subject shown in Fig. 3B , the early peaks in the TACs after bolus administration are highest for the two gray matter regions cerebellum and temporal cortex. Consistent with an about two fold higher blood flow in gray matter than in white matter, the early peaks of the white matter TACs sampled from the centrum semiovale are only about half the height of the peaks of the cerebellar TACs in both cases (Fig. 3A and Fig. 3B ). Note the visible reduction of the TAC peak height for the temporal cortex of the AD subject in Fig. 3A relative to the peak height of the cerebellar TAC in the same scan. This observation is in agreement with reported reductions of regional cerebral blood flow in cortical areas of AD patients. Both heights of the early peaks of the pons TACs in Figs. 3A and 3B are substantially larger than those of the respective white matter TACs suggesting a [ 11 C]PIB delivery to the pons almost as high as in the gray matter of the cerebellum. On the other hand, the [ 11 C]PIB washout from the pons appears to be clearly slower than in the cerebellum and in the cortex of the control subject but still faster than in the white matter as represented by the TACs from the centrum Â 100 where, δ denotes percentage difference, AD denotes the parameter estimated in the single case Alzheimer's disease subject, and HC denotes the cohort mean parameter in the control subjects. SD stands for standard deviation. Table 4 shows the percentage difference between two pre-symptomatic PS1 mutation carriers and a group of 10 control subjects using two simplified outcome parameters (target tissue-to-cerebellum ratio RATIO CER and target tissue-to-pons ratio RATIO PONS ) in six different target regions and the two reference regions considered. The percentage difference was calculated as δ % ð Þ ¼ AD−HC ð Þ HC Â 100 where δ denotes percentage difference, AD denotes the parameter estimated in each of the familial Alzheimer's disease subjects, and HC denotes the cohort mean parameter in the control subjects. SD stands for standard deviation.
semiovale. Therefore, after roughly 45 min scan time, the activity concentration in the pons region is smaller than in the centrum semioviale (Fig. 3) .
As a consequence of these differential kinetics, the absolute values of the target-to-reference tissue activity ratios RATIO CER and RATIO-PONS calculated in the interval from 60 to 90 min are governed by the relationship between tracer delivery and washout. The pons-tocerebellum ratio is approximately 1.5 for controls and AD patients. The cortex-to-cerebellum ratio can be as high as 2 in AD patients and is only slightly greater than 1 in controls. Therefore, the cortexto-pons ratios are in the order of 1.33 for AD patients and around 0.67 in controls (see Table 1 for a complete list).
The slower clearance of [ 11 C]PIB from the pons than from the gray matter cerebellum or cortex in control subjects results in larger pons V T than in those other regions (mean values from Table 1 : V T Pons = 3.45 ml/cm 3 versus V T = 2.42 … 2.68 ml/cm 3 for the other regions in the cohort of controls). It is unclear what the reason for this slightly higher V T in the pons is, however, the higher nonspecific binding of [ 11 C]PIB in white matter has been suggested to be due to binding in the myelin sheath which has a very high affinity for thioflavins. Pons is easier to define compared to the cerebellum, and could be delineated even without an MRI scan. Here we have used a semiautomatic method to define cerebellum which requires coregistration with MRI, segmentation and thresholding, all of which could add variance. Some studies use manual approach to delineate cerebellum, which may be associated with increased inter and intra operator variability.
In conclusion, this is the first study to evaluate the use of targetto-pons ratios for the analysis of [ 11 C]PIB brain scans and to assess the test-retest variability in comparison to the arterial input analysis. We have demonstrated that the target-to-pons ratio has low test-retest variability and high reproducibility and can be used as a simplified method of quantification when the use of the cerebellum as a reference is not confirmed. (Table 4) in the bottom section (panel C) exhibits rather scattered spots of high [
11 C]PIB signal not clearly associated with either gray or white matter. Note that this also includes the cerebellar gray matter. Fig. 3 . Tissue time-activity curves (TACs) in an AD subject (A) and a control (B).In each case, the TACs for the gray matter cerebellum, the gray matter temporal cortex as an example for the cortical regions, the pons and the centrum semiovale representing white matter are shown.
